Chemical processes are very important for the development of high-efficiency crystalline solar cells, mainly for surface texturing to improve light absorption and cleaning processes to reduce surface recombination. Recently, research has been focusing on the impact of chemical polishing on the performance of a passivated emitter and rear cells (PERC), with particular emphasis on the dielectric passivation layers on the front side. This study examined the influence of etching on the passivation of Al 2 O 3 /TiO 2 stacks, where the films may each be deposited using a range of deposition and post-annealing parameters. Most TiO 2 films deposited at 300 • C were resistant to chemical etching, and higher temperature deposition and annealing produced more chemical-resistant films. TiO 2 films deposited at 100 • C were etched slightly by SC1 and SC2 solutions at room temperature, whereas they were etched at a relatively high rate in an HF solution, even when capped with a thick TiO 2 layer (up to 50 nm in thickness); blistering occurred in 20-nm-thick Al 2 O 3 films. In contrast to the as-deposited films, the annealed films showed a lower level of passivation as 1% HF etching proceeded. The implied open circuit voltage of the samples annealed at 300 • C after HF etching decreased more than those annealed at 400 • C. The dark area in the photoluminescence images was not resistant to the HF solution and showed more etch pits. The etching strategies developed in this study are expected to help setup integration processes and increase the applicability of this stack to solar cells.
Introduction
One of methods to avoid the corrosion of chemically active surfaces is to use seal coatings on the surface. Thin inorganic films can be used as corrosion protection coatings of this type provided that they meet all the required sealing properties, such as high chemical inertness, low gas diffusion and good adhesion to the substrate surface. The coatings should have no defects and a uniform surface coverage. Moreover, the coating should act as a gas barrier to avoid surface corrosion. Atomic layer deposition can produce films with a high density and low defect concentration, ensuring ideal surface coverage. Therefore, this method should clarify the application viewpoint when preparing anti-corrosion coatings.
Chemical processes are very important for the development of high-efficiency crystalline solar cells, mainly for surface texturing to improve light absorption and cleaning processes to reduce the rate of surface recombination. Over-etching results in undercutting and possible emitter damage that produces openings in the silicon nitride antireflection coating layer prior to metallization such as light-induced plating [1] . The etching method consists of an oxidation step in HNO 3 and an oxide removal step in HF, which does not alter the structure and optical properties of the hydrogenated amorphous Si passivation layer [2] . Significant improvements in the lifetime of interdigitated back-contact silicon solar cells with holes opened in the oxide for the local back surface field have been achieved by wet etching compared to dry etching processes [3] .
The impact of chemical polishing on the performance of passivated emitter and rear cells (PERC) has attracted considerable research attention, with emphasis on the dielectric passivation layers on the front side [4] . An in-line wet bench with a single side treatment becomes remarkable because of the high throughput and low breakdown rates as the thickness of the process wafer decreases, which can isolate the front and rear sides for manufacturing. These processes can be used to eliminate the doped region selectively from one side of the solar cell as well as produce a single side front texture with a rear side-polishing step [5] . Aluminum oxide/silicon nitride (Al 2 O 3 /SiN x ) stacks are suitable for the passivation of industrial-type silicon solar cells where the SiN x helps increase the protection of Al 2 O 3 from damage by a screen-printed Al paste [6] . As an attractive candidate for this purpose, Al 2 O 3 /TiO 2 stack layers show substantial improvement in passivation [7] . On the other hand, a thickness-dependent phase transition of TiO 2 on amorphous Al 2 O 3 begins during anneal at 300 • C, suggesting that grain growth is suppressed by the Al 2 O 3 layer during deposition and annealing [8] .
During capping with PECVD (plasma-enhanced chemical vapor deposition) SiN x on Al 2 O 3 , blisters can also form when annealing a thick Al 2 O 3 layer or a stack of Al 2 O 3 /SiN x [9] . Blistering is the partial stripping of a sufficiently thick Al 2 O 3 layer due to gas desorption of the Al 2 O 3 layer during heat treatment above a critical temperature [10] . This post-deposition annealing causes the production of H 2 O or H 2 from hydroxyl bonds, which diffuses out to the interface between the Si and Al 2 O 3 layer and passivates the dangling bonds. The blistering of Al 2 O 3 , which acts as a gas barrier, occurs in thin film deposition methods such as ALD and PECVD [11] [12] [13] . The blistering and delamination of deposited thin films is also related to the relaxation of compressive thermal stress [14] .
Therefore, it is important to identify the etch characteristics of a potential passivation stack, such as Al 2 O 3 /TiO 2 for integration in the manufacturing process. Moreover, it is necessary to verify in more detail the material properties of TiO 2 on amorphous Al 2 O 3 for the fabrication of solar cells. This study examined the influence of the dry and wet etching on the morphology and passivation of Al 2 O 3 /TiO 2 stacks, where the films may be deposited using a range of deposition and post-anneal parameters. In addition, blistering caused by TiO 2 capping on Al 2 O 3 was investigated in comparison with Al 2 O 3 single layers.
Materials and Methods
To evaluate the level of surface passivation, 100 Ωcm n-type float zone <100> crystalline Si (c-Si) wafers were used to measure the emitter saturation current density. A p + np + structure with a sheet resistance of 230 Ω/sq was obtained after a boron diffusion and drive in processes, and was coated with Al 2 O 3 /TiO 2 stack layers on both sides. Prior to deposition, the Si substrates were cleaned with a standard RCA (Radio Corporation of America) process followed by rinsing in deionized water and a dipping in a dilute HF solution at room temperature. The Al 2 O 3 /TiO 2 stack films were deposited by thermal ALD, and the substrate temperature was maintained over the temperature range of 100-300 • C using H 2 O as the oxidant source. The feeding and purge times were controlled to achieve a self-limiting ALD process at each deposition temperature. To measure the wet etch rate, the film thicknesses were measured by spectroscopic ellipsometry using a HORIBA Scientific UVISEL system. The measurements were taken with an incident angle of 70 • over an illumination wavelength range of 200-1000 nm. From the ellipsometric data to a model given by HORIBA Scientific, both film thicknesses which are the real part of the refractive index were determined, while the imaginary part of the refractive index was fixed to the parameters of the model. Unless otherwise stated, all Al 2 O 3 and TiO 2 films had a thickness of 10 nm and 50 nm, respectively. Because the growth rate of thermal ALD is generally dependent on the deposition temperature, the number of cycles was optimized to reach a self-limiting ALD process and target thickness at different deposition temperatures [15] . Surface passivation was evaluated in the as-deposited state and after 30 min post-deposition annealing at 300-730 • C in an O 2 environment.
The plasma etching experiments were performed in a chamber utilizing an inductively-coupled plasma source operating at 2 MHz and 500 W as well as a radio frequency of 13.56 MHz of at a power of 100 W. Each sample was etched using 50 sccm CHF 3 and 10 sccm Ar at a low pressure of 5 mTorr.
The SC2 cleaning methodology developed at RCA laboratories is a procedure for removing metal impurities from a silicon surface. The cleaning process is based on the sequential oxidative desorption and complexing with H 2 O 2 :HCl:H 2 O (volumetric ratio 1:1:5). This process is generally preceded by an SC1 clean using a H 2 O 2 :NH 4 OH:H 2 O (volumetric ratio 1:1:5) solution to remove any organic residues [16] . In the meantime, the chemical oxide is removed without damaging the surface using a HF etchant followed by rinsing in de-ionized water. RCA and HF etching were used to examine the etching characteristics of TiO 2 on amorphous Al 2 O 3 . The blistering phenomenon as well as the morphology of the thin film surface before and after etching were examined by optical microscopy (Olympus BX 40), scanning electron microscope (SEM), and atomic force microscopy (AFM). The passivation properties of the stacks after etching were evaluated by measuring the photoluminescence by LIS-R (BT imaging) and the implied open circuit voltage using the photoconductance decay method [17, 18] . Figure 1 presents the TiO 2 dry etch rates on amorphous Al 2 O 3 under different deposition and annealing conditions. The etch rates of samples deposited at 200-300 • C were almost independent of the post-deposition annealing step regardless of the annealing temperature. This indicates that polycrystalline TiO 2 deposited over 200 • C is more resistant to reactive species during dry etching than amorphous TiO 2 deposited at 100 • C [19] . As a result, the deposition temperature is more important for determining the etch resistance than post-heat treatment. In the case of TiO 2 samples deposited at 100 • C, the minimum etch rate was obtained from 400 • C annealing. The etch rates tended to decrease slightly with increasing TiO 2 deposition temperature. In the case of a 200-nm-thick TiO 2 single layer, the etch rates were 1.1-1.2 nm/s, which were higher than those of the 50 nm-thick TiO 2 films on Al 2 O 3 . This is because the film density increases with an increasing number of deposition cycles during the ALD process, i.e., with increasing film thickness [20] . Therefore, thicker TiO 2 films are more resistant than thinner films. The etch rate of the Al 2 O 3 single layer was almost independent of the etch time. 
Results and Discussion

Dry Etching
Wet Etching
The wet chemical etching process is currently the standard procedure for mass production lines of crystalline silicon solar cells. For example, an alkaline or acidic etching mixture is commonly used for surface texturing; a low concentrated HF solution is used for phosphorus silicon glass removal; an acidic mixture is utilized for edge isolation by single-side etching [21, 22] . The pre-cleaning of crystalline silicon wafers is also essential for the elimination of residue and subsequent process homogeneity. Most alkaline cleaning solutions are similar to SC1 in semiconductor processes, and HF dipping is used to clean hydrophilic wafer surfaces. Several cleaning steps have been introduced to further optimize the efficiency potential of PERC-based screen-printed silicon solar cells. Nevertheless, it is important to investigate the etching characteristics because a range of chemical solutions have been developed for these cleaning processes. Table 1 lists the variation of the etch rates of the TiO2 layer on amorphous Al2O3 in HF, SC1, and SC2 with different concentrations and temperatures. Most films deposited at 300 °C generally showed 
The wet chemical etching process is currently the standard procedure for mass production lines of crystalline silicon solar cells. For example, an alkaline or acidic etching mixture is commonly used for surface texturing; a low concentrated HF solution is used for phosphorus silicon glass removal; an acidic mixture is utilized for edge isolation by single-side etching [21, 22] . The pre-cleaning of crystalline silicon wafers is also essential for the elimination of residue and subsequent process homogeneity. Most alkaline cleaning solutions are similar to SC1 in semiconductor processes, and HF dipping is used to clean hydrophilic wafer surfaces. Several cleaning steps have been introduced to further optimize the efficiency potential of PERC-based screen-printed silicon solar cells. Nevertheless, it is important to investigate the etching characteristics because a range of chemical solutions have been developed for these cleaning processes. Table 1 lists the variation of the etch rates of the TiO 2 layer on amorphous Al 2 O 3 in HF, SC1, and SC2 with different concentrations and temperatures. Most films deposited at 300 • C generally showed extremely low etch rates exhibiting overall resistance to chemical etching. The maximum etch rate of TiO 2 deposited at 100 • C was 90 nm/min using a 10% HF solution at room temperature. The TiO 2 etch rate decreased with decreasing HF concentration, and increased with decreasing deposition and annealing temperature as well as etching temperature. The etch rate in SC1 was half and five times at an etching temperature of 25 • C and 65 • C, respectively, than that in SC2. 
Morphology
For better control and characterization of wet chemical processes, it is important to know not only the etch rate of the solutions, but also the morphological information about the resulting surface as well as its electrical quality. Unlike microelectronics, industrial solar cells commonly have rough surfaces due to anisotropic damage removal or texturing steps. Therefore, it is necessary to examine whether the rough surface restricts the electrical properties compared to a smooth surface [23] . Figure 3 shows top view optical microscopy images of 10-nm-thick Al 2 O 3 /40 nm-thick TiO 2 stacks deposited at 200-300 • C and annealed in O 2 ambient at 400 • C for 30 min before and after etching. From the viewpoint of morphology, there was little difference between the samples deposited at 100 • C and 200 • C (data not shown), but a distinguishable difference was noted at temperatures ranging from 200 • C to 300 • C. This is why Figure 3 related to morphology is focused on the data measured at 200-300 • C. An optical investigation of the stacks examined under a range of conditions suggested that there was no blistering for Al 2 O 3 layers with a thickness of 10 nm. Prior to etching, the sample deposited at 300 • C (Figure 3c ) had a rougher surface than any of the other samples and contained non-homogeneous sites caused by surface defects. This layer would not act as a good barrier to prevent etching of the underlying substrate due to the high pinhole density. The smoothest surface was obtained from the sample deposited at 200 • C as shown in Figure 3a .
Wet chemical etching has been used as a tool to produce crystal defects such as dislocations and grain boundaries. Various etching solutions which generate etch pits at dislocations sites have been proven for inorganic materials, allowing an estimation of the dislocation density in the crystal [24] . For this purpose, a 1 wt.% HF solution was used for 2 min at room temperature and yielded different results depending on the deposition temperature. TiO 2 film deposited at 200 • C showed a uniform morphology (Figure 3a ), but more small dots with different colors were observed after etching, indicating that the non-uniform thickness of TiO 2 results from different local etch rates on the microscale. AFM of the sample deposited at 300 • C (Figure 3c ,f) revealed an average roughness, R a , before HF etching of 0.214 µm, which increased slightly to 0.232 µm after etching. This indicates that the sample deposited at 300 • C in Figure 3c has more inhomogeneity than that at 250 • C, which is likely to have more grain boundaries and a number of etch pits after HF etching as shown in Figure 3f . 
Blistering
After the post-deposition annealing step, blistering was observed on several samples deposited with a thick Al2O3 single layer or Al2O3/TiO2 stacks. Blisters form when exposed to heat treatment as a result of the accumulation of hydrogen at the Si/Al2O3 interface. Although this has not been fully resolved, the minority carrier lifetime of films exposed to high temperatures is not related directly to 
After the post-deposition annealing step, blistering was observed on several samples deposited with a thick Al 2 O 3 single layer or Al 2 O 3 /TiO 2 stacks. Blisters form when exposed to heat treatment as a result of the accumulation of hydrogen at the Si/Al 2 O 3 interface. Although this has not been fully resolved, the minority carrier lifetime of films exposed to high temperatures is not related directly to the occurrence of macroscopic defects, which are generally known as blisters [25] . These features are located primarily but not exclusively in the grain boundaries as shown in Typically, depending on the Al 2 O 3 film thickness, the blisters appear as almost perfect circles with a diameter in the range of 1-30 µm, which is much larger than the film thickness. When the Al 2 O 3 film is capped with the TiO 2 film, blister formation becomes more prominent. The diameter of the blisters is, however, more dependent on the Al 2 O 3 film thickness rather than TiO 2 . Several blister size distributions were observed on the samples with the thicker layers. The blisters were similar in size in some cases, but there were different sizes in other cases. Despite this, it was difficult to find a clear correlation between the size distribution and processing conditions. Blisters are present mainly in crystalline grain boundaries, and blister formation is strongly dependent on the surface topology.
For Al 2 O 3 films with thicknesses of less than 10 nm, there were no blisters even when capped with a thick TiO 2 layer with a thickness of up to 50 nm. For stacks capped with TiO 2 , blisters appear in 20-nm-thick Al 2 O 3 films. For example, an Al 2 O 3 single layer more than 30 nm in thickness contained blisters, as did a stack composed of a relatively thinner 20-nm-thick Al 2 O 3 layer capped with a 50-nm-thick TiO 2 layer. When an Al 2 O 3 film is thick, the blisters will coalesce and grow over a longer period of time. At a temperature of 200 • C, where atomic layer deposition takes place, the Al 2 O 3 film contains a considerable quantity of hydrogen in the form of OH bonds. After annealing above 500 • C, the hydrogen concentration of the film decreases from an initial value of 10% to 2-3% [26] . This annealing causes the out-diffusion of excessive hydrogen included by atomic layer deposition, which is more predominant in a thin film. In addition, hydrogen may be released during atomic layer deposition due to a reaction between the hydroxyl group in H 2 O and the titanium precursor, 
Passivation
When limited advanced solar cells among a range of potential cell concepts for commercialization have been introduced to industrial production, one of the major technical challenges is the minimization of passivation degradation after the cleaning processes as well as the preparation of a clean wafer surface prior to the passivation step. Clean surfaces are essential for the passivation of dielectric layers because impurities on the surface can move to the bulk in the subsequent heat treatment steps. The morphology of the samples coated with Al 2 O 3 /TiO 2 stacks differs according to the post-deposition annealing step due to grain boundaries as shown in Figure 3 . Therefore, it is important to examine whether wet chemical etching limits the electrical performance of the annealed samples compared to as-deposited samples. Based on the technique described above, 4 inch diameter wafers passivated with Al 2 O 3 /TiO 2 stacks were prepared. By measuring the implied open circuit voltage (V oc ) at five points including the center position, right and left edges relative to the center, and top and bottom edges, the maximum and average values illustrated the uniformity and quality of passivation over the entire wafer. The results implied open circuit voltage as an etch measure was determined using a quasi-steady state photoconductance (QSSPC) technique at an injection level of ∆n = 1 × 10 14 cm −3 . Figure 6 shows the implied V oc measured on samples passivated by Al 2 O 3 /TiO 2 stacks deposited at 200 • C after etching with a 1% HF solution in combination with heat treatment at 300-400 • C in O 2 ambience. In the case of passivation, the Al 2 O 3 layer in a thermal ALD process has excellent passivation because of the field-effect induced by negative charges when deposited at approximately 200 • C, but not at 100 • C and 300 • C [29] . Well-passivated Al 2 O 3 /TiO 2 stacks are required because they can be sensitive enough to detect effectively the change in passivation caused by etching. Therefore, it is necessary to examine the effect of etching on the samples deposited at 200 • C with different post-deposition anneal steps in terms of passivation. Compared to the as-deposited sample, the passivation quality of the annealed samples deteriorated as 1% HF etching proceeded. The implied V oc value of the samples annealed at 300 • C decreased by 22 mV, which is more than that annealed at 400 • C after HF etching for 30 s (15 mV). The as-deposited TiO 2 sample showed the same maximum implied V oc after wet etching for 30 s while the average values became slightly lower. In luminescence imaging of silicon samples passivated by an Al2O3/TiO2 stack after etching with a 1% HF solution as shown in Figure 7 , the surface of the sample was excited to emit luminescence and images of luminescent emission were acquired. The following images were calculated using 20 input PL images. Photoluminescence imaging is a fast and convenient method to measure the minority carrier lifetime with high spatial resolution [30] . The as-deposited sample had a relatively In luminescence imaging of silicon samples passivated by an Al 2 O 3 /TiO 2 stack after etching with a 1% HF solution as shown in Figure 7 , the surface of the sample was excited to emit luminescence and images of luminescent emission were acquired. The following images were calculated using 20 input PL images. Photoluminescence imaging is a fast and convenient method to measure the minority carrier lifetime with high spatial resolution [30] . The as-deposited sample had a relatively more uniform distribution and wider red area indicating a higher lifetime than the annealed samples. In addition, HF etching makes the passivation in the area of wafer edge worse than that in the center. For more information on passivation degradation, optical microscopy was performed on bright and dark areas in the photoluminescence images as shown in Figure 8 . The former showed small dots which appear to be an etched area after 1% HF etching, and the latter showed larger dots with different colors, which are likely to have more grain boundaries. The etch resistance of the stack depends on whether the Al 2 O 3 layer is etched at the edges, undercutting the stack, and whether the TiO 2 layer contains pinholes (shown in Figure 8b as a white dot), allowing the etching of Al 2 O 3 through the holes. dark areas in the photoluminescence images as shown in Figure 8 . The former showed small dots which appear to be an etched area after 1% HF etching, and the latter showed larger dots with different colors, which are likely to have more grain boundaries. The etch resistance of the stack depends on whether the Al2O3 layer is etched at the edges, undercutting the stack, and whether the TiO2 layer contains pinholes (shown in Figure 8b as a white dot), allowing the etching of Al2O3 through the holes. 
Conclusions
Knowledge of the etch characteristics of dielectric passivation materials is essential because of dark areas in the photoluminescence images as shown in Figure 8 . The former showed small dots which appear to be an etched area after 1% HF etching, and the latter showed larger dots with different colors, which are likely to have more grain boundaries. The etch resistance of the stack depends on whether the Al2O3 layer is etched at the edges, undercutting the stack, and whether the TiO2 layer contains pinholes (shown in Figure 8b as a white dot), allowing the etching of Al2O3 through the holes. 
Knowledge of the etch characteristics of dielectric passivation materials is essential because of the integration problem for mass production processes. This paper presented the etch characteristics that modify the passivation quality by removing the capping layer from the Al2O3/TiO2 stacks and 
Knowledge of the etch characteristics of dielectric passivation materials is essential because of the integration problem for mass production processes. This paper presented the etch characteristics that modify the passivation quality by removing the capping layer from the Al 2 O 3 /TiO 2 stacks and including its effects on the morphology. This can be verified by wet etching methods used widely for defect evaluation because of the low cost, simple experimental steps and unconstrained sample geometry.
The chemical etch rate depends mainly on the deposition and annealing temperature, and a higher deposition temperature is beneficial for resisting attack from chemicals including HF and SC solutions. Selecting the appropriate etchant and set of conditions reveals defects because the local etch rate in a defect is different from that in a defect-free region. Post-deposition etching produces etch pits on the solar cell surface due to the non-uniform nature of the defect, resulting in passivation degradation. In terms of the passivation quality, post-deposition heat treatment is ineffective compared to the as-deposited case. The photoluminescence and optical microscopy images showed that there were distinct areas attacked by chemical etching. Therefore, this analysis can be useful in the implementation of alternative passivation stacks for photovoltaic cells.
